SUMMARY Two-dimensional echocardiography (2DE) was used to measure left ventricular (LV) enddiastolic volume (EDV), end-systolic volume (ESV) and LV ejection fraction (EF). Thirty closed-chest dogs were studied in the control state and, of these, 11 were restudied 1 hour after proximal left anterior descending coronary artery (LAD) occlusion. Two basic left ventricular volume reconstruction models were used, using 2DE-derived LV long-axis length (L) and short-axis cross-sectional areas (A): (1) Simpson's rule with five short-axis areas and (2) a simplified formula (LVV = 5/6 AL) using a single short-axis area, at either the mitral valve (MV) or mid-papillary muscle (MP) level.
TWO-DIMENSIONAL ECHOCARDIOGRAPHY is being applied clinically and evaluated as a quantitative noninvasive method for comprehensive measurement of cardiac geometry and function. This atraumatic and readily repeated technique is attractive because of its striking tomographic cross-sections, which comprehensively delineate intracardiac landmarks, and its ability to provide beat-to-beat and sequential monitoring of cardiac cycle dynamics. Recent two-dimensional echocardiographic validation studies include the quantitation of left ventricular volumes,'-' ejection fraction,4 segmental wall motions,' and wall thickness. 6 Clinical application of new methods is frequently preceded by controlled experimental investigations that allow correlation against basic measurements. Several recent in vitro and in vivo studies in the dog have emphasized comparison of two-dimensional echocardiographic measurements with directly determined dimensions and chamber volumes.7-9 As with M-mode cechocardiography,'0 caution is indicated when two-dimensional echocardiographic volume reconstruction is used in the presence of significant ventricular asymmetries. This paper reports experimental echocardiographic data from the dog and comparisons with cineangiography, specifically addressing the problem of practical echocardiographic left ventricular volume assessment in the presence of ischemic myocardial dyssynergy. The objective is to evaluate models that would facilitate the clinical application of two-dimensional echocardiography.
Methods
Thirty mongrel dogs that weighed 24-51 kg were anesthetized with i.v. pentobarbital (30 mg/kg) and intramuscular morphine (3 mg/kg). Respiration was maintained with a Harvard respirator. Echocardiographic examination, placement of catheters and cineventriculography were accomplished in this closed-chest preparation. All the dogs were studied in the control state, and 11 of the 30 dogs were also studied 1 hour after proximal LAD intracoronary balloon occlusion, as previously described."
Two-dimensional Echocardiographic Examination
A phased-array 840 ultrasonic sector scanner (Varian model 3000) was used in the two-dimensional echocardiographic studies. Echocardiographic ex-amination of the heart was performed in closed-chest dogs according to the method developed and extensively used in our laboratory.7 Briefly, the dog was placed on its right side on a table with a special cut-out to allow the transducer to be directed from the bottom upward against the right side of the chest, pointing at the site of maximal cardiac pulsation.
By tilting and moving the transducer from left ventricular base toward the apex, short-axis echo images were obtained for five levels of the left ventricle: mitral valve leaflets, high, mid and low levels of the papillary muscles, and the apical region. Perpendicular intersection of the left ventricular long axis by the ultrasonic beam was judged from circularity of the epicardial outline at end-diastole, and elliptical outlines were rejected because they suggest substantial distortion of left ventricular short-axis sections.
The long-axis cross section was then obtained by rotating the transducer 900. In this normal long-axis view the apex was truncated in the largest dogs, so we recently developed a supplemental apical view that visualizes the four cardiac chambers and the left ventricular apex. This view allows satisfactory assessment of left ventricular length. It is derived as follows: The transducer is placed onto the left side of the dog's chest at the point of maximal cardiac pulsation, usually in the sixth intercostal space, and is directed toward the base of the heart ( fig. 1 ).
To reliably locate specific echocardiographic crosssectional views in consecutive examinations, we made maximal use of internal anatomic landmarks. Thus, each of the short-axis tomographic sections could be defined reliably by its characteristic patterns, e.g., distinct geometry and motion of mitral valve leaflets, and typical shape of the papillary muscles at different levels of the left ventricle. Similarly, both long-axis and apical views were obtained so that a maximal left ventricular length was imaged and mitral valve leaflets and the mitral aortic junction were plainly visible in the cross sections. In the beginning of each experiment, the receiver gain setting of the system was adjusted so as to obtain an optimal image without significant echo dropouts or unacceptable saturation. This setting was maintained throughout the experiment.
All short-and long-axis views were recorded on videotape and played back for echocardiographic analysis. The endocardial outlines were first traced onto a transparent paper from video stop frames in end-diastole and end-systole, judged, respectively, from the onset of the QRS and the end of the T wave. Delineation of left ventricular outlines was facilitated by videotape viewing of the motion of the heart in successive frames. The procedure of tracing the left ventricular lumen for measurement of short-axis cross-sectional areas ( fig. 2) In each dog, left ventricular volume was also determined by single-plane cineangiography, performed about 5-10 minutes after echocardiographic examination to minimize differences in heart rates during the two procedures. The dog was placed on its left side in the proper degree of right anterior oblique (RAO) rotation (67°), as suggested by Bentivoglio et al.`3 A 50% Hypaque solution (1 ml/kg) was injected in early diastole into the left ventricle through a #7F pigtail catheter, with the injection synchronized with the ECG. Ventriculograms were recorded at 30 frames/ sec on a 16-mm film. The left ventricle was adequately opacified in all the dogs at the time of the second or third beat after the start of injection. Outlines of the left ventricle were traced respectively from the frame immediately preceding the onset of systole (end-diastolic volume) and the frame with the smallest RAO intraluminal area, before opening of the mitral valve (end-systolic volume). Left ventricular volumes at both end-diastole and end-systole were computed using the standard formula, assuming geometry of an ellipsoid of revolution. Schenmatic illustrating the endocardial outline of the LV cavity (dashed line) and LV length (full line) measuredfrom the mitral-aortic junction to the apex. MV= mitral valve; LA = left atrium; VS = ventricular septum; LA T -lateral wall.
Reproducibility of Echocardiographic Measurements
In 10 dogs, chosen at random, the reproducibility of measuring left ventricular length and short-axis areas at five levels was assessed in the diastolic and systolic phases of the cardiac cycle. Measurements were performed by two trained observers, who independently selected and traced their own frame in different beats of the same steady state. No consistent over-or underestimation was observed between the two independent observers, and mean percent of error (± SD) ranged from 5.5 ± 1.9% to 9.1 ± 5.4% (% error = 1st observer -2nd observer/average of 1st and 2nd observer).
Results

Left Ventricular Volume Measurements in Normal Hearts
Because of the short delay between echocardiographic and cineangiographic examinations, there was no significant difference in heart rate (81. Using the simplified formula 5/6 AL in control states, with only one short-axis area from either mitral valve or mid-papillary muscle level, correlation coefficients for end-diastolic and end-systolic volumes, (0.85 and 0.92) were only slightly lower than with the Simpson reconstruction, and the standard errors of the estimate were similar. Correlation coefficients for ejection fraction in normal dogs were 0.70 and 0.82 using mitral valve or mid-papillary muscle level area, respectively. fraction (r = 0.60, NS). The short-axis section at the mid-papillary muscle level was distal to the left anterior descending artery occlusion and encompassed the left ventricular asymmetry (moderate hypokinesis in one case, severe hypo-or akinesis in seven cases and dyskinesis in three cases). Use of this section area led to good correlation for both end-systolic and enddiastolic volume (r = 0.87, p < 0.001 and r = 0.82, p < 0.01) as well as for ejection fraction (r = 0.92, p < 0.001). Plotting echocardiographic vs cineangiographic data obtained in both control state and after left anterior descending artery occlusion (n = 11), it is evident ( fig. 9 ) that shifts in ejection fraction due to coronary occlusion are close to or parallel to the indicated line of identity.
Discussion Models for Two-Dimensional Echocardiographic
Left Ventricular Reconstruction
Several mathematical reconstruction models were previously evaluated in our laboratory in conjunction with two-dimensional echocardiography. These models were validated in the dog by comparisons of in vivo echo-derived left ventricular mass against postmortem weight,7 and by comparing echo-reconstructed in vitro left ventricular volumes against direct measurements of fluid volume in excised and formalin-fixed hearts.8' 9 In the present study, two basic models with short-axis cross-sectional areas were A recently reported study in the isolated ejecting canine left ventricle showed excellent correlation of two-dimensional echocardiography against fluid volumes, with a regression equation that did not differ from the line of identity and a very low variability.16 However, the echo reconstruction used Simpson's rule with a large number of 3-mm thick short-axis crosssectional slabs, an approach that may not be practical for consistent application because of the difficulty in obtaining many sections in intact human or animal studies and also because the ultrasonic beam width in current systems may be as great as 10 mm.17 Thus, use of five short-axis slabs in the comprehensive Simpson reconstruction procedure of the current study represents a compromise between satisfactory accuracy, ultimate potential feasibility and time economy. Aiming at further reduction of the number of sections in left ventricular volume reconstruction led to simplified models such as the one (5/6 AL) using only a single short-axis section. Among different formulas tested for clinical echocardiographic left ventricular volume reconstruction, Folland et al.2 used a model analogous to ours, but with the single shortaxis cross-section chosen at the mitral valve level. 
Principal Results of this Study
Our data emphasize the importance of appropriate two-dimensional echocardiographic procedures and analysis if practical quantification of left ventricular volumes is to be attained in coronary artery disease or other conditions that show significant segmental left ventricular dyssynergies. In the experimental left anterior descending coronary artery occlusions, the resulting dyskinesis and left ventricular asymmetry were below the mitral valve level, so this short-axis area proved unsatisfactory in reconstructing endsystolic volume with the simplified model 5/6 AL. In contrast, the same formula with a short-axis area from the mid-papillary muscle level provided a satisfactory 1315 correlation against cineangiography for end-systolic volume, undoubtedly because the regional left ventricular dysfunction caused by the left anterior descending artery occlusion was adequately reflected in the systolic cross-sectional views ( fig. 10) . Obviously, the appropriate short-axis level for determination of left ventricular volume depends on the location of the myocardial ischemic zone, and another section might be more appropriate with a different site of coronary occlusion. This problem of choosing a representative short-axis section does not generally arise during diastole because the left ventricle remains approximately symmetrical during this phase of the cardiac cycle.
The Simpson reconstruction eliminated this difficulty. However, this basic and comprehensive reconstruction procedure is time-consuming and may not be applicable in the clinical setting, where only one or two short-axis sections can usually be obtained. Furthermore, it is not suitable when two-dimensional echocardiography is to be applied to beat-to-beat or frequent sequential studies of spontaneous alterations in cardiac function or of the effects of interventions. Considering that patients with coronary artery disease generally have left ventricular asymmetry/dyssynergy in the mid-or apical region rather than near the left ventricular base, and that systolic left ventricular volumes in particular are not accurately measured in these patients from long-axis sections alone, it is important in the clinical setting to obtain adequate twodimensional echocardiographic short-axis crosssectional views, preferably in the region of the papillary muscles.
Two-dimensional Echocardiography vs Cineangiography
Using a variety of reconstruction models, recent clinical validations2 -4 showed that two-dimensional echocardiography underestimates left ventricular volumes compared with cineangiography. This underestimation also appeared in our study, for several reasons: Contrast angiography images the left ventricular cavity silhouette with a maximally projected intraluminal section area,3' 4 excluding papillary muscles and including blood volume within invaginations between endocardial trabeculae carnae. The size of these inward protruding trabeculae may be substantial, and because prevalent procedures trace the endocardial interface at the inner border of the reflected echo band, it is not surprising that the echo-delineated sectional area is smaller than the angiographic inscribed silhouette4 or the actual anatomic area of the tomographic section. Twodimensional echocardiography may also underestimate left ventricular areas because of relatively poor lateral resolution, which leads to broadening of echo bands and encroachment on the left ventricular lumen. The slightly ovoidal shape of the apex occasionally seen in long-axis views when the transducer cannot be placed over the true cardiac apex suggests that the echo section may not cut the left ventricle in its longest plane. Our study indicates an average 6.6% underestimation of the echo left ventricular length compared with cineangiography, although we measured the length from the apex to the mitral-aortic junction and not to the middle of the mitral ring, which would tend to give a shorter dimension. 4 A lack of exact correspondence between twodimensional echocardiography and cineangiography might also well be caused by the inherent errors of the cineangiographic method. Thus, cineangiographic volume assessment requires a regression equation to account for endocardial trabeculations and significant protrusions of papillary muscles into the left ventricular chamber. Furthermore, cineangiographic studies generally assume that left ventricular contraction is uniform and symmetrical, a condition that is not quite correct in normal states and is clearly violated in ischemic dysfunction. The accuracy of ellipsoidal representation of the left ventricular geometry must be questioned in cases involving dyssynergic asymmetries, especially during significantly deranged systolic contraction associated with pronounced segmental myocardial dysfunction. Usually, applied calibration factors must also be considered. Thus, with conventional film distances, a 2- However, while one should be aware of the potential sources of differences in left ventricular volume measurement with the two techniques, these do not appear to be major, as demonstrated by the good correlations obtained in this study. Furthermore, several of the factors that result in potential two-dimensional echocardiographic variabilities (e.g., left ventricular inner border tracing, foreshortening of long-axis views, location of mitral-aortic junction, calibration fractors) would tend to affect both systolic and diastolic volumes to a similar degree and cancel out in calculations of ejection fraction.4 Thus, our study indicates a 14% and 12% echocardiographic underestimation of angiography in end-diastole and endsystole, respectively, whereas the ejection fraction by two-dimensional echocardiography was within 2% of cineangiography. Nearly equal end-diastolic and endsystolic underestimation was also reported in a clinical study.3 One could also assume that those factors would be relatively constant from one echocardiographic examination to another, providing good quantitation of changes in left ventricular volume whenever a subject serves as its own control. This is suggested by the similarity of regression equations and is illustrated in figure 9 , which indicates a directionally parallel displacement of echocardiographically derived ejection fraction data from before to after left anterior descending coronary artery occlusion in the same dogs.
Advantages of Two-dimensional Echocardiography
The primary advantages of two-dimensional echocardiography are clearly its totally noninvasive and logistically suitable character, involving no x-ray exposure, easy and fast performance, and high degree of repeatability without any time constraint limitations. Two-dimensional echocardiography does not limit the number of consecutive beats studied, whereas only five or six beats are available with cineangiography because of the washout and adverse effects of contrast material.20 Our simplified formula, 5/6 AL, uses only one short-axis area and permits a beat-to-beat assessment of left ventricular volumes (assuming that left ventricular length does not change within this short period of time). This simple mode of analysis is therefore particularly suitable for study of changes in left ventricular volume and stroke volume2' occurring during spontaneous progressive evolution of myocardial ischemia and infarction as well as during pharmacologic, mechanical assist or surgical treatments.
The primary two-dimensional echocardiographic advances in the next few years will be in the realm of image enhancement and computer analysis of the echo-derived cross-sections. Noise subtraction, edge recognition and endocardial tracking systems, along with automated computerization, would undoubtedly improve the reproducibility of results, reduce the timre needed for detailed analysis and further advance the state of quantitative measurement with this noninvasive method.
This study in the closed-chest dog demonstrates that left ventricular volumes and ejection fraction measured by two-dimensional echocardiography correlated well with cineangiography. Although the echoSimpson reconstruction, using several short-axis areas, is superior and allows excellent assessment of left ventricular volumes during both normal and ischemic conditions, it may not be practical for clinical application. On the other hand, the simplified model, 5/6 AL using a single short-axis area, is convenient and provided accurate left ventricular volume estimation; however, the level of the short-axis section must be appropriately selected so as to incorporate the region of dyssynergy of a segmentally dysfunctioning left ventricle. This simple left ventricular volume formula is easily applied for beat-to-beat or sequential analysis of cardiac volumes and global left ventricular performance. The method appears particularly suitable for clinical study of the natural evolution of acute myocardial infarction, functional alterations caused by arrhythmias, effects of stress testing or postextrasystolic potentiation, and assessment of the effectiveness of interventions.
